Even though high-fidelity polymerases copy DNA with remarkable accuracy, some base-pair mismatches are incorporated at low frequency, leading to spontaneous mutagenesis. Using high-resolution X-ray crystallographic analysis of a DNA polymerase that catalyzes replication in crystals, we observe that a C•A mismatch can mimic the shape of cognate base pairs at the site of incorporation. This shape mimicry enables the mismatch to evade the error detection mechanisms of the polymerase, which would normally either prevent mismatch incorporation or promote its nucleolytic excision. Movement of a single proton on one of the mismatched bases alters the hydrogen-bonding pattern such that a base pair forms with an overall shape that is virtually indistinguishable from a canonical, Watson-Crick base pair in double-stranded DNA. These observations provide structural evidence for the rare tautomer hypothesis of spontaneous mutagenesis, a long-standing concept that has been difficult to demonstrate directly.
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crystal structure | replication fidelity | mispair | polymerase structure H igh-fidelity polymerases replicate double-stranded DNA with remarkable accuracy (1) . Fidelity is achieved by a successive series of conformational changes and molecular recognition events encoded at different sites on the polymerase surface such that mismatches are either prevented from incorporating or are excised within a few nucleotides past their incorporation point (2) (3) (4) (5) . At the site of covalent incorporation, shape complementarity between the polymerase surface and the edges of correctly paired bases is the dominant mechanism that determines specificity (6, 7) . Here, mismatched base pairs or lesions that do not conform to this stereochemical constraint misalign their incoming triphosphate moiety relative to the 3′ OH of the growing primer terminus, leading to rejection of the incorrect or damaged nucleotides (2) (3) (4) . However, modified bases that maintain the stereochemistry of cognate base-pair edges are readily incorporated (6) (7) (8) . Nevertheless, polymerases do incorporate mismatched nucleotide base pairs at low frequency, leading to spontaneous mutagenesis (1) .
The mechanism by which spontaneous replication errors occur has long been the subject of intense speculation. In their second paper on the structure of DNA, Watson and Crick recognized that tautomerization alters the hydrogen-bonding patterns and therefore could enable mismatches to assume the structure of canonical base pairs (9) . This notion was elaborated in the rare tautomer hypothesis of spontaneous mutagenesis, which states that mutations arise through the formation of high-energy tautomers at low frequency (8, 10) . However, it has been challenging to obtain direct structural evidence for this mechanism. In the absence of polymerase, mismatches do not adopt a canonical base-pair structure in DNA (5, 11) . Recently, a T•G mismatch has been observed to adopt a canonical base-pair structure in a polymerase, due to an ionization event, demonstrating that noncanonical hydrogen-bonding pattern can arise in a polymerase (12) . Here we present the structure of an C•A mismatch in the active site of a high-fidelity DNA polymerase, the Bacillus stearothermophilus DNA polymerase I large fragment (Bacillus fragment, BF), an enzyme that has been used extensively to study the structural enzymology of nucleotide incorporation (13-16).
The C•A mismatch has the advantage that only tautomers give rise to cognate base-pair mimicry, whereas ionization leads to "wobble" base paring (Fig. 1) . We show that under conditions which stabilize an enzyme conformation that places a nucleotide at the site of incorporation, the C•A mismatch adopts a tautomeric cognate base-pair shape, whereas otherwise it forms an ionized wobble that cannot be incorporated. Wobble base pairs have been observed in isolated DNA by X-ray crystallography (17) or NMR (18) . We observe the C•A mismatch within the double helix past the position of incorporation, where it adopts a cognate base-pair conformation or a wobble, depending on site location on the polymerase surface. These structures unambiguously demonstrate that tautomeric base pairs can form in the polymerase active site, providing strong support of the rare tautomer hypothesis through direct structural evidence.
Results
Five sites at which fidelity filters are encoded (19) (20) (21) (22) have been identified for BF (15) (Fig. 2) : the preinsertion site where the incoming DNA template strand resides; the insertion site where the incoming nucleotide triphosphate pairs with the template; the catalytic site where the metals and catalytic groups are aligned; the postinsertion site where the 3′ end of the nascent duplex strand resides; and a four-base-pair DNA duplex-binding region. Recognition events at the insertion site are the most critical for replication fidelity (1, 7) , and results from the binding energy arising from shape complementarity between the enzyme and cognate base pairing of the incoming nucleotide with the template strand (23) , and precise alignment of the catalytic groups on the enzyme with the reactive groups on the substrates (24, 25) . This process involves concerted motions of the polymerase O helix (4, 5) , base pairing of the incoming nucleotide with the template strand, and positioning of the triphosphate moiety next to the binuclear metal center in the polymerase catalytic site and the 3′ hydroxyl of the nascent strand (23, 24) . (26, 27) . Here we compare high-resolution structures of C•A mismatches positioned at the insertion site in the presence of Mg 2þ or Mn 2þ (Fig. 3 , Tables S1 and S2, and Fig. S1 ). In the 1.58 Å resolution Mg 2þ structure, we find that the C•A mismatch forms a noncognate wobble (Fig. 1 ) which does not match the shape of a T•A base pair placed in the same position ( Fig. 3 A-C) . Furthermore, the polymerase O helix does not adopt the fully closed conformation associated with productive catalysis (15, 21, 28) , but remains in an "ajar" conformation that tends to prevent noncognate shapes from moving into the closed conformation necessary for the chemical incorporation step (29) . The structure of the triphosphate moiety also is distorted from that observed in a cognate base pair. Taken together, these differences between cognate and mismatch recognition events are expected to interfere with catalysis, preventing mismatch incorporation.
By contrast, in the presence of Mn 2þ (observed at 1.59 Å resolution), the C•A mismatch exhibits all the hallmarks of cognate base-pair recognition and incorporation (Fig. 3 D-F) : shape matching, triphosphate alignment, and O helix closure. Furthermore, in this cognate conformation the cytosine O2 atom forms a hydrogen bond with a water molecule that is anchored by three polymerase side chains (Fig. 4A ). This hydrogen bond is absent in the wobble base pairs (Fig. 4B ), but its equivalent is found in all four cognate base pairs (Fig. 4 C-F) , indicating that it represents a critical feature of correctly formed base-pair edge recognition at the insertion site.
The Cognate Shape of the Mismatch Corresponds to a Tautomer. Only tautomerization of C or A results in a hydrogen-bonding pattern that enables formation of a base pair mimicking the cognate A•T shape (10) (Fig. 1) . However, a similar shape also could arise from deamination of the cytosine to form uracil, which is rare, but can occur (in the range of 10 −10 sec −1 by in vitro measurement) (30) . We carried out mass spectrometric analysis of the crystallization drops and determined that cytosine, not uracil, is present (Fig. S2) . The mimicry of the T•A shape by a C•A mismatch is therefore the consequence of stabilizing a noncanonical tautomerized state, consistent with the original proposal of the rare tautomer hypothesis (9, 10).
Structures of the C•A Mismatch Placed at the DNA Duplex Region.
Noncanonical protonation states of the C•A base pair also are observed at the other fidelity filters. At the postinsertion site and duplex DNA-binding region (Fig. 5 ), in addition to steric shape complementarity, readout of hydrogen bonds in the minor groove contributes to edge recognition (1, 23) . Using successive rounds of nucleotide incorporation in the crystal (14, 15), we have placed the C•A mismatch at the postinsertion site, as well as the n-3 and n-4 sites of the DNA duplex-binding region. At all three locations the two nucleotides form base pairs, indicating formation of noncanonical protonation states. At the n-3 position the C•A mismatch forms a near-cognate interaction and accordingly is tautomerized (Fig. 5D ), whereas at the postinsertion ( Fig. 5 A-C) and n-4 ( Fig. 5E ) sites a wobble is adopted corresponding to ionization events. At the postinsertion site, the wobble results in a 0.5 Å displacement of the 3′ hydroxyl. Otherwise, distortions are moderate compared to other mismatches captured at this position (16) . The effects of the wobble at the n-4 position are also mild and do not induce a "memory effect" by transmitting distortions back to the active site, as has been observed in several mismatches (16) . At the n-6 position the C•A mismatch forms a wobble base pair ( Fig. 5F ) similar to the structure obtained in free DNA dodecamer (17) and is no longer interacting with the DNA polymerase. These observations indicate that the altered hydrogen bonds between C and A at the filter sites arise from local interactions between the mismatch and the polymerase.
Discussion
The tautomeric form of the C•A mismatch mimics the shape of a cognate base pair in the insertion site prior to incorporation. Although this tautomeric form is of higher energy than the canonical protonation state (31), the local environment of the DNA polymerase can contribute to its stabilization in two ways: through binding interactions with features present in the tautomeric 2 . DNA polymerase replication fidelity filters. Shaded areas correspond to fidelity filters: preinsertion site (n, orange), insertion site (n, blue), catalytic site (magenta), postinsertion site (n-1, pink), and DNA duplex-binding region (n-2 to n-5, gray). DNA primer (copper) and template strands (orange) are also shown. The O helix transitions from an open (magenta) through an ajar (gray) to a closed (blue) conformation. Cognate-shaped base pairs (blue) are positioned for catalysis in the closed state. Noncanonical shapes (gray) tend to be selected against in the ajar conformation. The polymerase makes hydrogen bonds with the minor groove of base pairs positioned at sites n-1 to n-5 in the duplex-binding region following incorporation. This figure combines information derived from four structures: open (1L3U) (15) , ajar (3HP6) (29) , and closed (2HVI and 3EZ5) (34, 42) .
cognate stereochemistry but absent in the ground or ionized states, and by electrostatically altering the intrinsic equilibrium between the tautomers (32, 33) . The first effect is evident in the structure of the C•A mismatch (Fig. 4) . In its cognate shape, the cytosine O2 atom makes a hydrogen bond with a tightly bound water, whereas the wobble cannot present this acceptor in the appropriate geometry. This interaction is present in all four cognate base pairs placed at this site, and is equivalent to the minor groove readout mechanism that recognizes cognate base pairs at the postinsertion site and beyond (1) . This critical water is tightly bound by three residues that are highly conserved in the A-family polymerases (to which BF belongs), replaced by other hydrogen-bonding groups in the C-, X-, and Y-family polymerases, but absent in the B-family polymerases (Fig. 6 ). This conservation pattern suggests that mismatch incorporation by polymerasemediated perturbation of tautomeric equilibria also is present in polymerases other than BF, and varies with family, perhaps influencing their degree of fidelity in accordance with biological function.
The mutagenic effect of substituting Mn 2þ for Mg 2þ is probably also the consequence of enhancing binding to cognate basepair shapes. Mn 2þ stabilizes the formation of the closed state relative to the ajar state (Fig. 3 ) thereby enhancing the binding energy of the insertion site.
The intrinsic equilibrium of the tautomeric states is a function of the pK a values of the two groups that change protonation states. These values are affected by the relative stabilities of dipoles within the base heterocycle, and therefore are strongly dependent on the local electrostatic environment (33) . Accordingly, the DNA polymerase could affect the spontaneous mutagenesis rate by shaping the local electrostatic field.
The results obtained here demonstrate that at least in one case spontaneous mutagenesis (prior to subsequent DNA repair processes) arises as a consequence of base tautomerization that enables a mismatch to assume the shape of a cognate base pair, consistent with the original rare tautomer hypothesis (9, 10) . Such tautomers can be stabilized by binding interactions that favor cognate stereochemical shapes, conformational equilibria (Table S3) . Analysis shown here is based on molecule 1 of the two molecules in the asymmetric unit; molecule 2 is described in Table S3 . The capture of a nucleotide at the insertion site involves the use of dideoxy analogs (34) . Additional structures were determined with a 2′-deoxycytidine triphosphate which confirms the results described here (Fig. S1 ). that affect such binding energies, the chemical character of the residues encoding the readout, local electrostatics that alter the intrinsic tautomerization equilibria, and the chemical character of the bases themselves. These effects provide a general framework within which the observed differences in spontaneous mutagenesis frequencies of DNA polymerases, their mutants, and individual base pairs can be rationalized.
Methods
Preparation of Protein. Wild-type and D598A/ F710Y mutant proteins were purified as described (13) . The D598A/F710Y double mutant (34) was used to capture ternary complexes. D598A destabilizes a crystal contact thereby favoring the closed state in the crystal (15) . F710Y facilitates incorporation of a 2′,3′-dideoxynucleotide chain terminator (35) which prevents further incorporation and therefore traps ternary complexes before chemistry (some other members of the A family DNA polymerases have a wild-type Tyr at the equivalent position for example, T7 DNA polymerase) (36) . Wild-type protein was used to capture C•A at the postinsertion site, n-3, n-4, and n-6 positions.
BF Primer-Template Complexes with Nucleotides Placed at the Insertion Site (Crystal Form II). Unincorporated 2′,3′-dideoxynucleoside triphosphates were trapped at the insertion site of complexes ddCTP•dA, ddTTP•dA, ddGTP•dC, and ddATP•dT by incubation of protein, primer-template duplexes (protein: DNA in a 1∶3 molar ratio), dideoxynucleotides (10 mM), and Mg 2þ or Mn 2þ sulphate (20 mM) for 1 h at room temperature. Template sequences were designed such that a single nucleotide is incorporated to form dideoxy primer terminus thereby trapping the next nucleotide at the insertion site (Table S2) . These reactions were used to set up crystallization as described previously (15) to obtain Crystal Form II crystals. dCTP was trapped at the insertion site by exchanging ddCTP, first soaking the crystals of ddCTP•dA (grown in the presence of both Mg 2þ and Mn 2þ ) in a stabilization solution in the absence of nucleotides (60% saturated ðNH 4 Þ 2 SO 4 , 2.5% 2-methyl-2,4-pentanediol, 100 mM MES 2-(N-Morpholino)ethanesulfonic acid pH 5.8, 30 mM MnSO 4 and 30 mM MgSO 4 ) at 17°C for 2 d to remove the ddCTP, followed by soaking in the stabilization solution with 21.5 mM dCTP at 17°C for 36 h to add dCTP (Fig. S1 ).
BF Complexes with Mismatches Incorporated into the Primer-Template Duplex (Crystal Form I).
The C•A mismatch positioned at the postinsertion site were obtained either by catalysis of primer-template in the crystal or by crystallization of a primer-template complex with a mismatch at the 3′ primer terminus (Table S2) . BF-DNA binary complexes were formed by incubating wild-type protein with the respective primer-template duplex (protein:DNA in a 1∶3 molar ratio) in 20 mM MgSO 4 on ice for 1 h, followed by setting up the crystallization as described to obtain Crystal Form I. To incorporate a C•A mismatch by catalysis, crystals were soaked in a stabilization solution (51.5% saturated ðNH 4 Þ 2 SO 4 , 2.5% 2-methyl-2,4-pentanediol, 100 mM MES pH 5.8) supplemented with 30 mM dCTP and 60 mM MnSO 4 at 17°C for 24 h. There were no discernible structural differences between C•A mismatch positioned at the postinsertion site using either method (We present data obtained from the catalysis experiment, because it was collected to higher resolution.). C•A mismatches were positioned at various sites in the DNA duplex region by adding nucleotides in various combinations and incubating in stabilization solution at 17°C for 24 h to stimulate catalysis in the crystal of the C•A mismatch placed at the postinsertion site (obtained by either method): n-3, 15 mM dATP and dCTP; n-4, 10 mM dATP, dCTP, and dGTP; n-6, 7.5 mM dATP, dCTP, dGTP, and dTTP (Table S2) . (21) , and T7 bacteriophage DNA polymerase (pink;1T7P) (28) . The interactions between the water molecule and the base, and the three anchoring protein residues are conserved in all three complexes. (B) A member of the C-family DNA polymerase, Geobacillus kaustophilus DNA polymerase PolC (3F2B) (43) . A water molecule makes similar interaction with the incoming nucleotide base which is coordinated by a single histidine instead of the anchoring side chains. (C) A member of the X-family DNA polymerase, human DNA polymerase beta (2FMP) (44) . The incoming nucleotide is hydrogen-bonded directly to an asparagine side chain instead of a water. Similar interactions are also present in another member of the family, human DNA polymerase lambda (1XSN) (45) . (D) A member of the Y-family DNA polymerase, Sulfolobus solfataricus DNA polymerase IV (Dpo4) (2AGQ) (46) . The water molecule contacting the nucleotide base is coordinated by a tyrosine instead of three anchoring residues. Similar interactions are also present in another member of the family, human DNA polymerase iota (1ZET) (47) (reviewed in ref. 48) . (E) A member of the B-family DNA polymerase, Enterobacteria phage RB69 DNA polymerase (3NCI) (49) . The base-pair edges are read out by Van der Waals interactions only, perhaps augmented by weak electrostatic interactions mediated by the glycine and the two ring protons of tyrosine (49) . Similar interactions are also present in another member of the family, Bacillus phage phi29 DNA polymerase (2PYJ) (22) . The selection of the structure for a representative polymerase family was based on resolution of the ternary complex.
Diffraction Data Collection and Structure Determination. Crystals were flash frozen in liquid nitrogen either directly out of the crystallization drop (Crystal Form II) or after soaking in a cryoprotectant solution (60% saturated ðNH 4 Þ 2 SO 4 , 100 mM MES pH 5.8, 24% sucrose) (Crystal Form I). Data were collected at SIBYLS and SER-CAT beamlines and processed with XDS (X-ray Detector Software) (37) . Structures were determined and refined using starting model Crystal Form II (closed conformation, 2HVI) or Crystal Form I [open conformation, 1L3T, 1L5U, 1L5U, and 1L3V for C•A (n-1), C•A (n-3), C•A (n-4), and C•A (n-6) respectively] in REFMAC5 (38) and PHENIX (39) . Model building was carried out in COOT (40) . Data and refinement statistics are listed in Table S1 . Composite omit maps were generated in CNS (41) . All figures and superpositions were prepared in PyMOL. Mg 2þ ) crystals, or a positive control of dUTP added to the dCTP•dA soaking solution were analyzed using Mass Spectrometry to determine the amination state of the nucleotide (Fig. S2) . In all samples, only the expected nucleotide was detected. Therefore the observed cognate structure of the C•A mismatch is not due to cytosine deamination.
Mass Spectrometry
Experiments. Crystallization drops of ddCTP•dA cognate (Mn 2þ ) and ddCTP•dA wobble (Mg 2þ ) crystals, or soaking solution of dCTP•dA cognate (Mn 2þ ,
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